We show that the present dark matter abundance can be accounted for by an oscillating scalar field that acquires both mass and a non-zero expectation value from interactions with the Higgs field. The dark matter scalar field can be sufficiently heavy during inflation, due to a non-minimal coupling to gravity, so as to avoid the generation of large isocurvature modes in the CMB anisotropies spectrum. The field begins oscillating after reheating, behaving as radiation until the electroweak phase transition and afterwards as non-relativistic matter. The scalar field becomes unstable, although sufficiently long-lived to account for dark matter, due to mass mixing with the Higgs boson, decaying mainly into photon pairs for masses below the MeV scale. In particular, for a mass of ∼ 7 keV, which is effectively the only free parameter, the model predicts a dark matter lifetime compatible with the recent galactic and extragalactic observations of a 3.5 keV X-ray line.
One of the most important open problems in modern cosmology is the nature of dark matter (DM), an invisible form of matter that can explain the observed structure of the Universe on large scales, the galaxy rotation curves and the anisotropies in the Cosmic Microwave Background (CMB). However, despite the large number of candidates, there are still no definite answers concerning its origin [1] . An interesting possibility is an interaction between DM and the Higgs field, widely known as "Higgs-portal DM". This has been extensively studied in the literature, namely in the context of thermal production [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . However, the lack of evidence for WIMP-like particles in the various ongoing experiments [15] suggests looking for alternative candidates, such as oscillating scalar fields, as considered e.g. in Refs. [16] [17] [18] .
In this Letter, we show for the first time that a scalar field dark matter coupled to the Higgs field can naturally explain the 3.5 keV X-ray line detected by the XMM-Newton observatory. Our model considers a complex scalar field, Φ, interacting with the Higgs doublet, H, only through scale-invariant interactions given by the Lagrangian density:
spontaneously broken in the Higgs and gravitational sectors by some mechanism that has no influence on the effective dynamics of the dark matter scalar field (see also Ref. [19] ). This allows for the Higgs-dark scalar interaction with coupling, g, the dark scalar field quartic self-interactions with coupling, λ φ , and for a non-minimal coupling, ξ, of the DM to the Ricci scalar, R.
The interaction Lagrangian (1) also exhibits a U(1) symmetry and we may consider two cases. When the Higgs-dark scalar interaction has a positive sign, the U(1) symmetry remains unbroken and the DM field is stable. For a negative coupling, the U(1) symmetry can be spontaneously broken in the vacuum and the DM field may decay, allowing for astrophysical signatures, as we will see below. In this Letter, we focus on the latter case, leaving the discussion of the former to a longer companion paper.
The background dynamics of the homogeneous dark scalar field mode is determined by the equation of motion:
where Φ = φ/ √ 2 since the complex phase has a trivial dynamics. From the associated energy-momentum tensor, we obtain the effective energy density and pressure of the field, which are, respectively, given by
where a is the scale factor. We will see below that the introduction of a non-minimal coupling does not significantly change the usual form of ρ φ and p φ for an oscillating scalar field. As pointed out in Ref. [18] , the initial conditions for the scalar field oscillations are set by the inflationary dynamics. In the parametric regime where ξ g, λ φ , which will henceforth be the focus of our discussion, the field's mass during inflation is dominated by the non-minimal coupling to the curvature scalar, R 12 H 2 in f , where H in f 2.5 × 10 13 (r/0.01) 1/2 GeV is the Hubble parameter during inflation and r is the tensor-to-scalar ratio. This yields m φ 12ξ H in f H in f for ξ 0.1. As pointed out in Ref. [18] , this super-Hubble mass prevents the field from acquiring large fluctuations during inflation that would give rise to observable isocurvature modes in the CMB spectrum, which are now significantly constrained [20] . For m φ /H in f > 3/2, quantum fluctuations in the field get stretched and amplified during inflation, yielding a spectrum [21] :
Integrating over the comoving momentum k on super-horizon scales, we can obtain the field variance at the end of inflation, which sets the typical homogeneous field amplitude at the onset of oscillations in the post-inflationary era, φ in f :
Note that, during inflation, all terms in Eq. (3) are ∼ H 4 in f and therefore the dark scalar plays a negligible role in the inflationary dynamics.
We should briefly mention that, during the (p)reheating period, the Ricci scalar oscillates with the inflaton field, χ, since
Pl , inducing an effective biquadratic coupling between the dark scalar and the inflaton, g 1. This interaction will lead to φ-particle production during reheating but, since
1 with χ M Pl during reheating, this should not be very efficient. In particular, it is natural to assume that the inflaton couples more strongly to other fields, which will thus be produced more efficiently and consequently reduce the amplitude of the inflaton's oscillations before any significant φ-particle production occurs. In addition, such particles remain relativistic until T < m φ T EW , and as we will see this implies that their density is much more diluted than the density of the homogeneous dark scalar condensate. We therefore expect φ-particle production during reheating to yield a negligible contribution to the present dark matter abundance.
After inflation and the reheating period, the Universe becomes dominated by radiation, and R 0. For temperatures above the electroweak scale, thermal effects keep the Higgs close to the origin (see e.g. [22] ), such that the dark scalar field potential is dominated by the quartic term, V (φ) λ φ φ 4 /4. Once the effective field mass m φ = 3λ φ φ exceeds the Hubble parameter in this era, the field starts oscillating about the origin with an amplitude that decays as a −1 ∝ T . It is easy to check that, in the oscillating phase, the last two terms in Eqs. (3) and (4) become subdominant since m φ H. In addition, the remaining terms in Eq. (4) proportional to ξ cancel out upon averaging over the field oscillations, since φ 2 = φ V (φ) . This implies that the field's energy density and pressure are approximately given by the corresponding ξ = 0 expressions once it begins oscillating, such that ρ φ ∝ a −4 as long as the quartic potential term is dominant. During this period, the field thus behaves as dark radiation.
Equating the Hubble parameter in the radiation era with the effective field mass, we obtain for the cosmic temperature at the onset of field oscillations:
where g * is the number of relativistic degrees of freedom. This is below the reheating temperature if the inflaton decays sufficiently fast after inflation, with T R ∼ H in f M P for instantaneous reheating.
Once the temperature drops below the electroweak scale, the Higgs field acquires a vacuum expectation value (vev) and the relevant Lagrangian density for the real φ and Higgs components is:
where λ h 0.13 is the Higgs self-coupling. The Higgs and dark scalar vevs are, respectively:
where v = 246 GeV. Note that a non-vanishing vev for φ implies g 4 < 4λ φ λ h , which we assume to hold. The interaction Lagrangian above is valid once the leading thermal contributions to the Higgs potential become Boltzmann-suppressed, which should occur below T EW ∼ m W , where m W is the W boson's mass. At this point, the field starts oscillating about φ 0 rather than about the origin. To determine the amplitude of oscillations at this stage, note that at T EW the amplitude of field oscillations about the origin has been redshifted to:
We thus see that φ EW φ 0 for g 10
, with a larger non-minimal coupling to curvature localizing the field even closer to the origin at the electroweak phase transition (EWPT). This implies that, in these parametric regimes, the field will start oscillating about the non-zero vev below T EW , with an amplitude φ DM ≡ x DM φ 0 with x DM 1 [23] . The field's equation of state then smoothly changes from a dark radiation to a cold dark matter behavior as the potential becomes quadratic about the minimum.
Therefore, the field amplitude evolves with the temperature as φ (T ) = φ DM (T/T EW ) 3/2 and the number of particles per comoving volume becomes constant:
where g * S 86.25 is the number of relativistic degrees of freedom contributing to the entropy at T EW . We can use this to compute the present DM abundance, Ω φ,0 0.26, obtaining the relation:
where H 0 , g * S 0 and T 0 are the present values of the Hubble parameter, number of relativistic degrees of freedom and CMB temperature, respectively. Given that m φ = gv, this leads to the following relation between g and λ φ :
Note that this consistently satisfies the parametric constraints for spontaneous symmetry breaking and φ EW φ 0 described above. This relation leaves essentially a single free parameter in the model, which we take to be the mass of the field. There are, however, further constraints on this parameter that we must take into account. In particular, we have assumed that the scalar field remained as a homogeneous condensate throughout its whole evolution and that it never thermalized with the surrounding cosmic plasma. Otherwise, condensate evaporation would lead to a WIMP-like candidate for DM, the phenomenology of which was already studied in Ref. [9] . There are two processes that lead to the evaporation of the condensate: the Higgs annihilation into higher-momentum φ particles and the perturbative production of φ particles by the oscillating background field.
Let us start by considering the Higgs annihilation, which for T T EW occurs at a rate:
where v ∼ c ≡ 1 and n h is the Higgs number density. Before the EWPT, the typical momentum of Higgs particles p ∼ T , so that the cross section of the process is given by:
After the EWPT, all Higgs bosons essentially decay into lighter Standard Model (SM) degrees of freedom and therefore φ production stops. Thus, to prevent the thermalization of φ particles we must require Γ hh→φφ H before the EWPT, and since Γ hh→φφ ∝ T and H ∝ T 2 , the strongest constraint is at T EW . This yields an upper bound on the Higgs-dark scalar field coupling:
Another possibility for the condensate's evaporation is the perturbative production of φ particles from background field oscillations. For T > T EW , φ-particles are effectively massless and interact with the background field through the coupling L int = − 3 2 λ φ φ 2 δφ 2 , which can be obtained by decomposing the field into a background component and particle fluctuations δφ. The process of particle production from an oscillating background field with a quartic potential has been studied in detail in Refs. [17, 24, 25] , yielding a particle production rate
which is valid above T EW , whereas after the EWPT φ particles gain a mass and the process becomes kinematically forbidden. Since Γ φ→δφδφ ∝ T in the quartic oscillations regime, we again have that the strongest constraint is at T EW where φ φ EW , yielding an upper bound on the dark scalar self-coupling:
If Eqs. (16) and (18) are satisfied, the dark scalar never thermalizes with the cosmic plasma and behaves effectively as an oscillating condensate throughout its whole cosmic history. Given the relation between couplings obtained in Eq. (13), we see that Eq. (18) gives the strongest constraint, limiting the viable DM mass range to 1 MeV. Our DM candidate must thus be a light particle weakly coupled to the Higgs boson, but due to its condensate nature it nevertheless behaves as cold dark matter after the EWPT. This weak coupling to the Higgs field has nevertheless quite significant implications, since at the minimum the φ and h scalars exhibit a small mass mixing, with mixing parameter = g 2 φ 0 v/m 2 h , which can be written as:
Equivalently, the physical mass eigenstates are a small admixture of the original φ and h fields. This implies that the dark scalar can decay into the same decay channels as the Higgs boson, provided that they are kinematically accessible, but with a decay width suppressed by 2 w.r.t. the corresponding Higgs partial width. With the DM mass bound obtained above, the only kinematically accessible decay channel is into photon pairs [26] , with decay width Γ φ→γγ = 2 Γ H * →γγ , where H * represents a virtual Higgs state with invariant mass p 2 = m 2 φ . The partial decay width of a virtual Higgs into photons is given by [27] :
where, G F = 1.17 × 10 −5 GeV −2 is Fermi's constant, α QED 1/137 is the fine structure constant and
accounts for the loop contributions of all charged fermions and the W boson to the decay, with τ i = 4m 2 i /m 2 φ 1 for all particle species involved. We note that for the decay of a virtual Higgs all charged fermions give essentially the same contribution, whereas for an on-shell Higgs boson only the top quark contributes significantly. We then obtain for the DM lifetime:
which is much larger than the age of the Universe, but can nevertheless lead to an observable monochromatic line in the spectrum of galaxies and galaxy clusters.
In fact, the XMM-Newton X-ray observatory has recently discovered a line at 3.5 keV, which is present not only in the Galactic Center (GC) but also in other astrophysical systems such as Andromeda and the Perseus cluster [28] [29] [30] [31] . The origin of this line has led to several interesting proposals in the literature, in particular the possibility of it resulting from DM decay or annihilation [31] [32] [33] [34] [35] [36] . Although other astrophysical processes have been considered [37] , there are also some independent studies that contest them [38] [39] [40] . There is still an ongoing controversy regarding the discovery of this line in dwarf galaxies, such as Draco. While some groups indicate that this line is not present in such objects [41] , others claim that the line is there but is too faint to be observed with current technology. The authors of [42] , in particular, conclude that observations of dwarf spheroidal galaxies cannot exclude the DM decay explanation of the line.
The analysis in Refs. [30, 42] has shown that the intensity of the line observed in the GC, Andromeda and the Perseus cluster could be explained by the decay of a DM particle with a mass of 7 keV and a lifetime in the range τ φ ∼ (6 − 9) × 10 27 sec. This would also explain the absence of such a line in the blank-sky data set. In the case of our dark scalar field model, setting the field mass to this value, we predict a DM lifetime exactly in this range, up to some uncertainty in the value of the field amplitude after the EWPT parametrized by x DM 1. This is illustrated in Fig. 1 . For this mass value, we have g 3×10 −8 and, from Eq. (13), λ φ 4×10 −20 , which satisfy the constraints in Eqs. (16) and (18) . Note that such a small quartic self-coupling for the scalar field is technically natural, since quantum corrections to this coupling from interactions with the Higgs field are g 4 ∼ 10 −30 . We do not aim to explain here the smallness of these couplings, which would require going beyond the effective theory approach that we have followed in this work. We nevertheless note that small couplings can be naturally obtained in the context of extra-dimensional geometries, as in the warped dark scalar field scenario developed in Ref. [18] . This issue is also essentially on the same footing as explaining the smallness of fermion masses, namely the electron.
The most impressive feature of our model is that, although it originally involves four parameters -the couplings g and λ φ , the non-minimal coupling ξ and the scale of inflation r, the last two do not affect the predictions of the model regarding the 3.5 keV line. The role of ξ is simply to suppress potential CDM isocurvature perturbations, while r only sets the field amplitude at the onset of the radiation era. Since after the EWPT the field starts oscillating about the value φ 0 (depending on g and λ φ ) and its amplitude is also of this order, the present DM abundance, the field mass and its decay width are just dependent on the couplings g and λ φ , yielding three observable quantities determined by only two parameters. In other words, the field loses the memory of its initial conditions at the EWPT, and ξ and r do not affect its dynamics afterwards. Therefore, if the scalar field accounts for all the DM in the Universe, its mass and decay width are effectively only dependent on a single parameter.
The smallness of g may make it hard to probe the dark scalar interpretation of the 3.5 keV X-ray line in the laboratory. An obvious possibility is to look for invisible Higgs decays, but the predicted branching ratio for H → φφ is ∼ 10 −27 , which is unrealistic to probe in the near future. Mass mixing also gives rise to Higgs-dark scalar oscillations, but again with a small probability suppressed by 2 . However, if astrophysical observations are able to exclude other explanations for the 3.5 keV line or even clearly confirm a correlation between the line's intensity and the cosmic DM distribution, this should serve as motivation for extremely precise measurements of the Higgs properties in the future.
The dark scalar coupling to photons, of the form φF µν F µν due to the φ − h mixing, could also be used to look for X-ray photon-DM conversion in an external electric or magnetic field in light-shining-through-awall experiments akin to those looking for axion-like particles, for which conversion probabilities are also very small [43] .
The scenario proposed in this Letter may also be of interest for different values of m φ if the DM interpretation of the 3.5 keV line is refuted. In particular, for m φ 0.1 eV, the scalar field will exhibit a coherent behavior on galactic scales, and its mixing with photons and other SM particles through the Higgs portal may lead to small oscillations of fundamental constants, namely α QED and the electron mass. There are already proposals for detecting similar oscillations using mass-resonant detectors [44] [45] [46] [47] [48] [49] [50] [51] , and we will explore this possibility in more detail in a companion paper.
In our analysis, we have assumed that the Lagrangian (1) exhibits a U(1) symmetry. If the coupling between the Higgs and the dark scalar has a negative sign, the symmetry is spontaneously broken at the EWPT. The consequences of this symmetry breaking depend on whether it is a global U(1) symmetry or a gauged U(1) symmetry. On one hand, in the former case, φ may decay into massless Goldstone bosons, and may survive until the present day only for λ φ < 2 × 10
. This limits the viable range for the dark matter mass to m φ 5 eV. Therefore, this scenario cannot explain the 3.5 keV mass, although it still allows for a lighter dark matter candidate. On the other hand, we may consider a spontaneously broken U(1) gauge symmetry, where the Goldstone boson is absorbed into the longitudinal component of the massive gauge boson. If the gauge boson acquires a sufficiently large mass, φ decay will be kinematically blocked, which imposes only a mild constraint on the gauge coupling, e > 2λ φ , noting that the quartic selfcoupling is typically very small. The dark scalar's oscillations may induce gauge boson production above the Electroweak scale, similarly to the case where φ particles are produced perturbatively by the background scalar field oscillations. Nonetheless, after the EWPT this process becomes kinematically forbidden, and to prevent a significant production of gauge bosons we may impose an upper bound on the square of the gauge coupling of the order of the limit on λ φ (see Eq. (18)), and which may be thus compatible with the above-mentioned lower bound. The dark photons could, in addition, be thermally produced in the early Universe in the presence of kinetic mixing with ordinary photons, but since there are no particles charged under both U(1) gauge groups, such mixing is absent in our model. In fact, 2 ↔ 2 scattering processes involving dark and visible photons are only generated through the Higgs-portal scalar mixing, which yields a dimension-6 operator that is suppressed with respect to the dark scalars effective (visible) photon coupling by the smallness of the dark U(1) gauge coupling. Hence, within the parametric regime described above, the dark photons are not significantly produced in the early Universe and can neither make a significant contribution to the dark matter abundance nor lead to the condensates decay or evaporation. A more detailed study of the cosmological implications of the spontaneous symmetry breaking for this model is done in Ref. [52] .
Our model has also other interesting phenomenological consequences, for instance the formation of cosmic strings due to the U(1) symmetry breaking at the EWPT. The energy density of cosmic strings in the scaling regime, ρ s ∼ µ t 2 , where µ is the string's energy per unit length [53] , follows the background density ρ c ∼ 1 G t 2 . Their ratio ρ s /ρ c ∼ Gµ 10 −6 φ 0 /10 16 GeV 2 [54] is, however, extremely small for the values of interest in our model, where φ 0 ∼ 26 TeV. We also note that our model is viable and provides the same dynamics and predictions if, instead of a complex scalar field with a U(1) gauge symmetry, we consider a real scalar field with a Z 2 symmetry. Although the Z 2 spontaneous symmetry breaking leads to the formation of a network of domain walls at the EWPT, this network may decay if there is a bias in the initial configuration of the field towards one of the potential minima, which could likely result from field fluctuations during inflation. This possibility was first studied in Ref. [55] and can be applied to our model, since the dark scalar field is never in thermal equilibrium with the cosmic plasma and so the bias induced by inflation can last until the EWPT and therefore wipe out the domain wall network generated by the symmetry breaking before it modifies the cosmic evolution [52] .
In summary, we have shown, for the first time, that an oscillating scalar field coupled to the Higgs boson is a viable DM candidate that can explain the observed 3.5 keV X-ray line. The simplicity of our model, based on the assumed scale-invariance of DM interactions, makes it extremely predictive, with effectively only a single free parameter upon fixing the present DM abundance. Hence, our scenario predicts a 3.5 keV X-ray line with the observed properties for the corresponding value of the DM mass.
